Abstract We studied discrete bivalve shell horizons in two gravity cores from seafloor pockmarks on the Vestnesa Ridge ($1200 m water depth) and western Svalbard (79800 0 N, 06855 0 W) to provide insight into the temporal and spatial dynamics of seabed methane seeps. The shell beds, dominated by two genera of the family Vesicomyidae: Phreagena s.l. and Isorropodon sp., were 20-30 cm thick and centered at 250-400 cm deep in the cores. The carbon isotope composition of inorganic (d 13 C from 213.02& to 12.36&) and organic (d 13 C from 229.28& to 221.33&) shell material and a two-end member mixing model indicate that these taxa derived between 8% and 43% of their nutrition from chemosynthetic bacteria. In addition, negative d
Introduction
Methane hydrates are ice-like compounds that consist of gas molecules trapped inside water cages. Hydrates form on continental margins and in permafrost regions under low temperatures and high pressures [e.g., Sloan and Koh, 2008] . Methane reserves in the Arctic are unknown, but estimations range from $100 to 600 metric Gt of carbon [Archer et al., 2009] with more than 95% of these reserves located in deep water [Ruppel, 2011] . The mechanisms responsible for triggering the release of methane from the seafloor vary depending on the geological setting. Shallow water hydrate deposits (depths less than $400 m) have received considerable attention as these deposits are sensitive to ocean warming [e.g., Hunter et al., 2013; Graves et al., 2015] . As temperatures rise, the zone of gas hydrate stability (GHSZ) shallows until intercepting the seafloor, causing significant destabilization of gas hydrate deposits and the release of methane from the seafloor into the water column. If large quantities of methane gas are released from the seafloor and reach the atmosphere, hydrate destabilization may further exacerbate global atmospheric warming [Mienert et al., 2005; Westbrook et al., 2009; Berndt, 2014; Gentz et al., 2014; Sahling et al., 2014] . Deep-water methane hydrate provinces, where pressure has a dominant effect on hydrate stability [e.g., Dickens and Quinby-Hunt, 1994] , require extended time scales for bottom water temperatures to warm sufficiently before destabilization will occur [Reagan and Moridis, 2007] . Mar ın-Moreno et al. [2013] predict that decades to centuries of ocean warming are required to generate methane emissions in water deeper than 420 m.
Methane emissions from gas hydrate provinces are a global phenomenon often recognized by the presence of seafloor morphologies (e.g., pockmarks and mounds) and acoustic flares [e.g., King and MacLean, 1970; MacDonald, 1990] . Identifying the processes controlling seepage distribution, periodicity, and duration in different hydrate provinces is necessary if we are to better understand the potential role of methane gas seepage on ocean chemistry and global climate. Vestnesa Ridge (Figure 1) , at approximately 798N lat., is one area where deep water methane emissions in the form of gas-bubble plumes and acoustic flares have been observed at water depths >1000 m [B€ unz et al., 2012; Hustoft et al., 2009; Smith et al., 2014] . This >100 km long ultraslow spreading ridge extends westward from the Spitsbergen continental margin, bounded by the Molloy Deep to the west, the Yermak plateau to the north and extending beyond the Molloy transform fault to the south. The methane hydrate system at Vestnesa is a reservoir of long-lived gas hydrate and free gas of a mixed origin: microbial, thermogenic, and abiotic . Sets of buried mounds and pockmarks exist along the entire extent of Vestnesa Ridge, indicating regular seepage periods. Presently, seepage is occurring toward the eastern segment of the ridge.
Hydrothermal vents and hydrocarbon seeps have been characterized as deep-sea biological oases that support chemosynthetic-based communities with high diversity, biomass, and carbon cycling [Van Dover, 2000; Levin, 2005; Vanreusel et al., 2009; Thurber et al., 2013] . Hydrothermal vents discharge methane, hydrogen sulfide, and mineral-rich hydrothermal fluid with temperatures up to 4008C. Hydrocarbon seeps involve the upward seepage of methane dissolved in water or as small bubbles, hydrogen sulfide, or other hydrocarbon-rich fluids at temperatures that are only slightly elevated above ambient seawater. The principal chemosynthesis-dependent bivalve families that have been discovered at vents and seeps are Vesicomyidae, Thyasiridae, Lucinidae, Mytilidae, and Solemidae [Taylor and Glover, 2010] . The Vesicomyidae occur at most known vents and seeps where they are often the most abundant macrofaunal taxa [Krylova and Sahling, 2010] . They derive their energy from symbiotic sulfur-oxidizing bacteria housed in their gills [Cavanaugh, 1983; Decker et al., 2013] and can reach densities of over 1000 individuals and biomass of 30 kg wet weight per m 2 [Alexis et al., 2015, and references therein] . The best studied methane seep community in the Arctic is the Håkon Mosby Mud Volcano south of Svalbard (1280 m depth) [Niemann et al., 2006; Vanreusel et al., 2009] and gas flare sites offshore western Svalbard (90-387 m water depth) [Sahling et al., 2014] .
Chemosynthetic-based communities supported by methane seeps are also well recognized in the geological record. Although present as early as the Proterozoic [Campbell, Geochemistry, Geophysics, Geosystems 10.1002/2015GC005980 Taviani et al., 2011] , seeps dominated by vesicomyid and lucinid bivalves do not appear until the Cenozoic [Callander and Powell, 2000, and references therein] . Dense assemblages of fossil bivalves in deep-sea sediments have been used to identify fossil seeps [Campbell and Bottjer, 1995; Majima et al., 2005; Chien et al., 2012; Amano et al., 2013] . The chemical and mineral content of shells provides a record of environmental conditions during the life of the individual [Torres et al., 2001; Hein et al., 2006; Mae et al., 2007; Pierre, 2008, 2009; Lartaud et al., 2010; Han et al., 2014] , thereby providing insight into seep dynamics.
Two discrete bivalve shell horizons (hereafter termed ''shell beds''), one in each of two gravity cores , recovered from the Vestnesa Ridge in 2013 [Mienert, 2013] became apparent after the cores were X-rayed. Both cores are from pockmarks at water depths of about 1200 m, one of them collected at a site exhibiting active gas flares (Figures 1 and 2 ). We focus on these deep-sea shell beds in the Arctic: first to confirm that the bivalves were associated with methane seeps, second to describe the [2015] , extracted along a horizon estimated to be $1.5 Ma old. Pockmarks and associated gas chimneys are in close proximity of faults and fractures. The locations of the gravity cores are noted (red dots).
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physical and biological conditions supporting this bivalve community, and finally to use the shell beds as a paleoproxy to reconstruct the duration and timing of Arctic methane emission at Vestnesa Ridge. We used bivalve shell chemistry, carbonate chemistry of associated foraminifera, coupled with sediment and carbonate mineralogy, as evidence for chemosynthesis-based seep communities. Our study provides new insights into the mechanisms controlling the temporal pattern of methane emissions at a deep water hydrate system, namely the Vestnesa Ridge.
Methods
Core Collection and Initial Preparation
Sediment gravity core HH-13-203 GC09 (79800.143977N, 06855.683059E; 300 cm recovered) was collected from a pockmark with an active gas flare on the Vestnesa Ridge at a water depth of 1210 m on 13 October 2013 ( Figure 2 ). The second gravity core HH-13-211 GC16 (79801.86696N, 06849.850833E; 498 cm recovered) was collected on 14 October 2013 approximately 6 km to the south in a water depth of 1202 m. Both cores were collected from pockmarks, but the location of core HH-13-211 GC16 showed no evidence of gas emission at the time of sampling. For the remainder of this paper, sediment gravity core HH-13-203 GC09 is designated as GC09 and sediment gravity core HH-13-211 GC16 is designated as GC16.
Upon recovery, sediment cores were sectioned into $100 cm sections and kept cool at $58C. Before opening the core onshore, magnetic susceptibility was measured with a Bartington MS2 loop sensor; afterward the core was cut lengthwise. One core half was archived after being X-rayed (Geotek MSCL-XCT) and imaged with a JAI L-107CC 3 CCD RGB line scan camera on an Avaatech XRF core scanner. The working half was sampled at different depth intervals. Samples of $1 cm thick were sampled for shell material and micropalentology. Individual sediment samples were weighed, freeze-dried, re-weighed, and then soaked in distilled water. The samples were then wet sieved with mesh widths of 63 lm and the residues dried at 308C. The samples were subsequently sieved using mesh widths of 100 and 500 lm. Bivalve shells and fragments (>1 mm in length) were removed from the material retained on the 100 lm sieve and weighed to the nearest 0.001 g. The >63 and >100 lm dry residues were examined for benthic and planktonic foraminifera.
Analytical Methods 2.2.1. Bivalve Sample Preparation
We focused our sampling on the bivalve-rich core sections and on areas immediately above and below them (see Figures 3 and 4 with descriptions given in section 3.1). Large bivalve shells were removed from the core sections prior to sectioning into $1 cm thick samples.
Shell material to be used for stable isotopic analysis was first treated with hydrogen peroxide (30% for 24 h) [Hein et al., 2006] in order to remove the periostracum and any other organic material on the shell surface. The material was then rinsed with deionized water, air-dried, and examined under a microscope for any surface evidence of diagenesis, such as carbonate overgrowth. Following this cleaning procedure, samples were milled using a DREMEL tool with a 1.5 mm bur. The shell powder obtained by milling was collected for mineral analysis (X-ray diffraction) and stable isotope analysis (
We performed X-ray diffraction (XRD) on subsamples of the milled shell powder in order to determine whether the composition of the shell was aragonite or calcite and, if both were present, the proportion of each in the shell [Hein et al., 2006] . XRD was performed using a Rigaku Miniflex II Desktop X-Ray Defractometer. Minerals were identified and quantified (percent) using MDI Jade 9 software.
As an additional check for evidence of diagenesis, two large shell fragments from GC09 and four shell fragments from GC16 were cut in half, and one half was treated with acetic acid (25%, 15 min) [Hein et al., 2006] . This treatment allows us to evaluate the possible presence of unseen authigenic aragonite on the stable carbon isotope ratio in the inorganic portion of the shell, though this treatment would not of course account for any authigenic calcite precipitation.
bath heat was set to maintain 65-708C, 0.1 N hydrochloric acid was immediately added to each capsule 10 mL at a time, waiting between further additions until reaction visibly ceased and gradually increasing acid additions to 20, 30, and finally 50 mL until a total addition of 350 mL was achieved. Samples were left in a dry bath 6-24 h until dry.
Bivalve Stable Isotope Analysis
Both the inorganic and organic sample fractions were analyzed for stable carbon isotopes (d 13 C inorganic , d 13 C organic ) using the elemental analyzer-combustion interface-stable isotope ratio mass spectrometer at the Environmental Geochemistry Laboratory (Bates College, Maine, USA). For the inorganic fraction, sample sizes of powdered shell were 0.4-0.6 mg. We also analyzed shell samples of Serripes groenlandicus, a shallow water suspension-feeding bivalve common to the Barents and Greenland Seas [Carroll et al., 2011] , as a modern control to make sure we successfully removed all inorganic material prior to measuring the isotopic composition of shell organics. Isotopic values are expressed in delta (d) notation as per mil (&) enrichment relative to international standards. The standard for carbon and nitrogen is Vienna Pee Dee Belemnite (VPDB) [Craig, 1957] and air, respectively. Internal standards were run every eight samples. The reproducibility was 60.2&. . X-ray images, visual description of the lithology, magnetic susceptibility, and bulk density from GC09. Close-up of X-ray and shell density (g shell/cm 3 of sediment) for the shell bed interval (236-268 cm). GC09 was 300 cm long, but the Holocene deposit at the top was missing. Legend in Figure 4 .
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Figure 4. X-ray images, visual description of the lithology, mass-specific magnetic susceptibility, bulk density from core GC16. Close-up of X-ray and shell density (g shell/cm 3 of sediment) for the shell bed interval (400-430 cm).
spectrometer in continuous flow mode connected to a gas bench. Reference samples were run after every five samples.
Micropaleontology
Samples for benthic and planktonic foraminifera were semiquantitatively analyzed in every 2 cm interval within the shell bed and every 10 cm interval in the remainder of the core. A total of 33 samples from CG16 and 25 samples from GC09 were selected for micropaleontological analysis. Planktonic and benthic foraminifera were identified largely following the taxonomy of Hembleben et al. [1989] and Loeblich and Tappan [1987] , respectively. Special attention was paid to the state of preservation of foraminifera since the shell wall can be affected by secondary carbonate precipitation in the presence of methane seepage. Selected specimens of all taxa were mounted onto microslides to provide a permanent record and for identification purposes. Some specimens were selected for scanning electron microscopy SEM. All residues, specimens and images are stored at the Department of Geology, at UiT-the Arctic University of Norway, Tromsø. 2.2.4. 14 C Dating Ten 14 C AMS (Accelerator Mass Spectrometry) dates were performed on monospecific samples of planktonic foraminifera (N. pachyderma (s)) and individual whole shells at the Beta Analytic Inc., Miami, Florida, USA (Table 1) . We analyzed only N. pachyderma (s) and bivalve samples that exhibited a good state of preservation to minimize the likelihood of chronological inconsistencies resulting from secondary diagenesis. We rejected samples that showed visual evidence of mineralogical alteration or broken specimens. Samples with d 13 C values exceeding negative 1.60& were disregarded since a negative d 13 C value is evidence of incorporation of methane-derived carbon into the AMS 14 C. This would result in 14 C ages that are too old.
The radiocarbon dates were calibrated to calendar years using the Calib 7.1 program [Stuiver et al., 2014] and the marine calibration curve Marine13 [Reimer et al., 2013] that operates with a standard reservoir correction of 2400 years [Mangerud and Gulliksen, 1975] . We applied a regional correction of DR 5 7 6 11 years, following the recommendations for planktonic foraminiferal dates by Bondevik and Gulliksen in Mangerud et al. [2006] . For bivalve shells, we used a regional correction of 65 6 37 years [Mangerud and Gulliksen, 1975] . The ages were calculated as the midpoint value from the calibrated age range (62r a Calibrated dates are presented in kyr B.P. A regional correction of DR 5 7 6 11 years was applied for planktonic foraminifera and DR 5 65 6 37 for the bivalve shells, following the recommendations of Mangerud and Gulliksen [1975] . The final ages were calculated as the mean from the calibrated age range with a standard deviation of 2r. d 
Results
Core Imaging and Lithology
The X-rays revealed abundant whole bivalve shells (including some large and small articulated individuals) and shell fragments in discrete sections of the cores (GC09: 236-268 cm; GC16: 400-430 cm) that coincided with large anomalies in bulk density and, in the case of GC09, depletion in magnetic susceptibility ( Figures 3 and 4 ). There was no evidence of bivalve shell material in other core sections of the two cores. We focused our sampling on these bivalve-rich core sections and on areas immediately above and below them. Large bivalve shells were removed from the bivalve-rich core sections prior to sectioning into $1 cm thick samples.
In GC09, sediments from the entire core (300 cm in length) consist of dark gray clay and include shell components ( Figure 3) . A diatom-rich layer occurs in the top 10 cm of the core. In this core, the shell bed extends from approximately 236 to 268 cm and dry shell weight ranged from 0 to 0.083 g/cm 3 of sediment (shell weight is presented per volume of sediment to correct for differences in volume among sediment sections), but shell material was not evenly distributed throughout the shell bed. Shell components account for up to $40% of the material in the stratigraphic interval 236-268 cm with almost 90% of the total shell weight, corrected for sediment volume, concentrated in section 241-250 cm. At 250 cm, in the shell bed, we found a few specimens of the ostracod Krithe hunti with articulated valves. The specimens are juveniles with thin valves and a length of about 0.5 cm. The delicate valves can only be preserved in a stable environment and are indicative of in situ deposition of the sediment. The carbon and oxygen isotopic ratios of a carbonate nodule collected at 245 cm exhibited a d 13 C of 232.3& and d 18 O of 6.73&, respectively. Isolated polygenic litho-fragments reported as isolated clasts (<5 cm) were found in the intervals 20-100 and 230-265 cm (Figure 3 ). Calcium carbonate concretions (<1 cm) and pyrite-encrusted tubes (more than 63 mm in length and 0.20-0.50 mm in diameter) are also present in the upper 100 cm of the core and between 250 and 260 cm ( Figure 5 ).
GC16 is 498 cm in length and is characterized by gray mud that varies from light to dark in specific intervals (Figure 4) . The sediments had a strong odor of H 2 S. Some intervals had black patches indicating organic matter enrichment. The shell bed extends from 400 to 430 cm and exhibits sharply defined upper and lower limits. Shell material accounts for $50% of the sediment (dry weight) in the shell bed. A diatom-rich layer is prominent at 20-70 cm in the core; burrow-like pyrite concretions are rare. In the interval 457-498 cm, palisade and radiating structures contain acicular crystals of aragonite ( Figure 5 ). In the interval 474-498, we found irregularly shaped nodules, up to 1 cm in diameter, reddish micrite and calcium carbonate concretions ( Figure 5 ). Geochemistry, Geophysics, Geosystems 10.1002/2015GC005980
Shell Bed Bivalves and Foraminiferal Assemblages
Some of the bivalve shell material retrieved from shell beds in both of the cores were fragments, though there were several large and many smaller whole valves. A few valves were articulated indicating they likely died in situ. The individuals were identified as belonging to two genera of the bivalve family Vesicomyidae: Phreagena s.l. and Isorropodon sp. (Figure 6 ). Most of the largest shell fragments that were selected for geochemical analysis belong to Phreagena s.l. We collected one whole (6 cm shell length) and one broken valve of Phreagena s.l. from GC09 from the 242-250 cm section and one large whole valve from the 243-246 cm section. There were also 14 whole Isorropodon sp. individuals ($1 cm shell length) from sections 241-243 cm (n 5 2), 243-246 cm (n 5 1), and 242-250 cm (n 5 11). We collected large (5 cm shell length) whole and broken valves of Phreagena s.l. from GC16 from sections 408-411 cm (one whole valve and one broken), 411-414 cm (one whole), and 414-415 cm (one broken) as well as six whole Isorropodon sp. single and articulated shells ($1 cm shell length) from section 421-426 cm.
The benthic foraminifera assemblage in the shell bed interval of GC09 is consistently dominated by Cassidulina neoteretis, with less abundant Melonis barleeanum, Elphidium excavatum, and Stainforthia fusiformi. In the upper part of the shell bed, Sigmoilopsis schlumbergeri occur rarely. Throughout the shell bed in GC16, the benthic foraminifera assemblage is consistently dominated by Cassidulina neoteretis, whereas Elphidium excavatum and Stainforthia fusiformi are less dominant. Melonis barleeanum and Miliolids are rare. The planktonic assemblage in both GC09 and GC16 is dominated by Noegloboquadrina pachyderma (s) and Turborotalita quinqueloba. Accessory species are Globigerina bulloides, Globigerinita glutinata, and Globigerinita uvula. None of the identified species in the shell beds are endemic to the seep area and many of them are widespread in the Arctic Ocean [B e and Tolderlund, 1971; Mackensen and Hald, 1988; Johannessen et al., 1994; Hald and Steinsund, 1996; Simstich et al., 2003; Jennings et al., 2004] .
3.3. Stable Isotopes and 14 C Dates 3.3.1. State of Preservation of Calcite Foraminifera and Bivalves Planktonic foraminifera in both the GC09 and GC16 shell bed intervals exhibited a variable state of preservation, ranging from poor to moderate. We found evidence of dissolution and/or diagenetic alteration and broken specimens. Foraminifera tests are corroded and fragmented, with a secondary coating, and yellow to light brown color. Some foraminifera tests are recrystallized or have diagenetic calcite added (secondary overgrowth). The d 13 C of planktonic foraminifera ranged from 21.2& to 26.7& (Table 1) .
Most the bivalve fragments or shells of Phreangena s.l. that were tested for carbonate composition using X-ray diffraction were 100% aragonite indicating no diagenesis or secondary deposition of calcite ( Table 2 ). The few shell fragments that were not 100% aragonite contained between 6.6% and 14.4% calcite. The fragment treated with acetic acid had an initial composition of 14.4% calcite but was 100% aragonite after treatment. Isorropodon shells were very small and the entire shell was needed for XRD. Hence, we only analyzed one Isorropodon shell (GC09) and it was 100% aragonite ( Table 2) . All the radiocarbon dates obtained for our bivalve shell material are reliable. The corrected ages for bivalves from GC16 are 17,543 years B.P. at a core depth of 414.5 cm and 17,707 years B.P. at 423.5 cm. In GC09, a bivalve sample from 237 cm indicates an age of 16,680 years B.P. C content of organic shell material that is attributed to methane-derived carbon. The ranges shown were derived from a two end member mixing model performed on the mean d Jessen et al., 2010] . In general, planktonic foraminifera cannot record the signal from methane in the water column since most of the methane that has escaped from the seafloor is likely consumed by methanotrophic bacteria in both the sediment and water column [Dickens, 2001; Reeburgh, 2007; Consolaro et al., 2015] . Therefore, we attribute the negative values to secondary precipitation of methane-derived authigenic carbonate on the foraminiferal shells after deposition on the seafloor [Torres et al., 2003 [Torres et al., , 2010 Millo et al., 2005; Panieri et al., 2009] . These lighter carbon isotope values of planktonic foraminifera can shift the obtained sample ages toward older values [Gulin et al., 2003; Panieri et al., 2014] . Accordingly, we rejected the ages obtained for our N. pachyderma samples with depleted d 13 C. The ages of two samples, however, were considered reliable. Below the shell bed, at a core depth of 460.5 cm (GC16), the corrected age from dated planktonic foraminifera (with acceptable d 13 C) is 24,743 B.P. In GC09, a planktonic foraminifera sample (also with acceptable d 13 C) close to the top of the shell bed yielded a date of 21,031 years B.P.
Discussion
To our knowledge, this is the first discovery of ancient chemosynthesis-based bivalve communities in the high Arctic. We use four lines of evidence to suggest that the discovered shell beds are linked to a paleoseepage event lasting $1000 years at Vestnesa Ridge: (1) the predominance of bivalve species known to be associated with oceanic vents and seeps; (2) d 13 C inorganic (shells and planktonic foraminifera); (3) shell d 13 C organic values indicating carbon derived from methane; (4) the presence of methane-derived authigenic carbonates. In addition, the presence of pyrite-encrusted fossil worm tubes is consistent with the scenario we propose. By integrating our shell bed chronology into a regional chronological framework, we are further able to shed new light on the timing and mechanisms that can trigger such seepage events.
Shell Beds Are Linked to a Past Major Seepage Event 4.1.1. Chemosynthesis-Based Bivalve Communities
Dense collections of bivalves and bivalve fragments are prominent features in X-rays of the two gravity cores from Vestnesa Ridge. Bivalves are only present in large numbers in discrete depth intervals in our cores: 236-268 cm in GC09 and 400-430 cm in GC16. The sediment in the shell bed is similar to the sediment in the remainder of the cores, excluding the possibility that the shells were eroded and transported. In addition, the base of the shell bed is not erosive. The two dominant bivalve species that make up most of the material in the discrete horizons of bivalve shells (Phreagena s.l. and Isorropodon sp.) belong to the family Vesicomyidae. The Vesicomyidae are widely distributed at hydrothermal vents and hydrocarbon seeps where they can reach very high densities [Krylova and Sahling, 2010; Taylor and Glover, 2010] , and are sustained by H 2 S. Both species belong to the newly recognized subfamily Pliocardiinae, all members of which rely on sulfide-reducing endosymbiotic bacteria for nutrition [Krylova and Sahling, 2010] . Phreagena is known from the eastern and western Pacific and northern Indian Oceans Sahling, 2006, 2010] , a panthalassic range, where it is associated with vents and seeps. The only other record of Phreagena in the Atlantic is from near the Rainbow Hydrothermal vent field on the Mid-Atlantic Ridge (36813 0 N) where large numbers of fossil shells are present [Lartaud et al., 2010] . Isorropodon is widely distributed at vents and seeps in the Atlantic and Pacific oceans along continental margins [Lartaud et al., 2010] . Until now, the most northern record of the genus in the Atlantic is a newly described species from a methane seep on the Norwegian continental margin at approximately 648N [Krylova et al., 2011; Krylova and Sahling, 2010] .
The high concentrations of these two species of bivalves in both of our cores represent the first evidence of bivalve-dominated seep communities in the Arctic, while the spatial variation in the abundance of bivalve shells and fragments in these cores suggests that the methane emissions supporting the bivalve community varied considerably through time and space. It is the first time that chemosynthetic bivalve communities have been documented as far north as 798N.
Geochemistry, Geophysics, Geosystems are not as depleted as one might expect for bivalves living in a reducing environment. The Vesicomyida, however, use near-bottom water taken in through their siphons as one source of bicarbonate for shell construction and they live only partially burrowed in the sediment [Taylor and Glover, 2010] . Nevertheless, most of the mean d 13 C inorganic measurements of core bivalves are lighter than the nonseep bivalve Serripes gronelandicus we used for comparison (Tables 3 and 5) .
Methane emissions might have varied over the period of the communities' existence at each site, but slight differences in shell chemistry between, as well as within, sites could be explained by differences in individual distributions relative to the source of methane. Therefore, these differences cannot be easily used to distinguish between amplitudes of methane flow. Finally, the metabolic pathways, whether the symbionts are methanotrophic, thiotrophic, or a combination of the two can influence the isotopic fractionation of the carbon in shells [Nedoncelle et al., 2014] [O'Donnell et al., 2003; Mae et al., 2007; Carmichael et al., 2008] and the d 13 C organic can be used to differentiate between possible sources of nutrition in marine habitats including at vents and seeps. In seep communities that are dominated by several isotopically Geochemistry, Geophysics, Geosystems
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distinct carbon sources (e.g., methane, phytoplankton-derived detritus, terrestrial vegetation, and organic carbon synthesized by chemoautotrophs), carbon isotope analysis provides a robust tracer of carbon sources at the base of the food web [Levin and Michener, 2002; Thurber et al., 2010] . Methane is especially easy to document in food chains because it is strongly depleted in 13 C (d 13 C 275& to 228&) compared to other sources [Van Dover, 2007] . Macroinfauna at seeps typically have tissue d 13 C values lighter than approximately 224& indicating at least some dependency on methane-derived carbon [Levin, 2005] . d 13 C organic values in our shells of Phreagena and Isorropodon ranged from 221.33& to as light as 229.28& (Table 3) . These values were 4-10& lighter than those from the modern control suspension-feeding Serripes groenlandicus, indicating a contribution from methane-derived carbon to the seep clams' nutrition and reflecting the chemosynthetic endosymbionts on which these clams at least partially depend.
In order to assess this contribution, we perform a two-end member mixing model using the six individual d 13 C organic values of the shell organic material (Table 3) :
with variables defined as follows: We derived a range of values for each individual bivalve sample by using methane end-member values of 256& and 240&, allowing for partial preferential oxidation of light carbon in methane in the sediments by methanogens [Fisher et al., 2011] and reflecting the heavier end of a range of measured values of d 13 C of DIC in the water of methane seeps [Aharon et al., 1992] . Solving equation (1) for ''z'' and multiplying by 100, the estimated contribution to d 13 C organic from methane-derived carbon ranges from 8% to 43%. Based on the d 13 C organic values we recorded, and considering the good state of preservation of the shell organic material, it is clear that our two species of Vesicomyidae are relying to varying degrees on endosymbioants, similar to other members of this taxonomic group. These results, the first as far as we know from a seep bivalve, also indicate that these taxa obtain the majority of their nutrition from photosynthetically derived material.
The only other study that has measured the carbon isotopic signature in the organic component of Vesicomyidae (Calyptogena) shells recorded values of 234.6& to 232.3& for modern individuals from a vent and 228.5& for Vesicomyidae fossils from the Pliocene [Mae et al., 2007] . As was the case with the d 13 C inorganic from our samples, the d 13 C organic in the individuals from core GC09 was lighter by 2-3& compared to individuals from core GC16 (Table 3) . Differences in d
13
C values among vents have been attributed to differences in ''seepage activity'' [Levin, 2005] , but again might also be due to small-scale differences in distribution relative to methane seepage or different metabolic pathways of their endosymbionts.
Methane-Derived Authigenic Carbonates
Carbonate precipitation is a striking phenomenon that occurs at seeps as a result of coupled bacterial sulfate reduction and methane oxidation [Ritger et al., 1987; Paull et al., 1989; Peckmann et al., 1999] . This reaction is associated with an increase in alkalinity which favors carbonate precipitation. It is widely accepted that methane-derived carbonates preferentially form within the sediment [Paull et al., 1989; Gaillard et al., 1992; Thiel et al., 1999] . Field and laboratory studies indicate that methane is oxidized by a consortium of archaea and sulfate reducers [Hoehler et al., 1994; Boetius et al., 2000; Treude et al., 2003] . Marine bottom waters are usually oxic, so carbonate formation induced by anaerobic oxidation of methane will be confined to anoxic sediments. In our core, carbonate concretions with depleted values clearly indicative of precipitation in the presence of AOM (d 13 C is 232.3& in GC09 and 230.7& in GC16) suggest that fluid continued to seep after the bivalve community was extinct because these species of bivalves live at the sediment surface and the bottom water would have been well oxygenated. This also explains the negative d 13 C signal from our planktonic foraminifera due to the formation of methane-derived authigenic carbonates on the foraminifera shell.
10.1002/2015GC005980
In methane seep environments, aragonite is frequently the main authigenic carbonate to be represented in shallow crusts and concretions related to AOM [e.g., Bohrmann et al., 1998; Peckmann et al., 2001; Pierre et al., 2012] . Aragonite precipitation is favored over calcite in conjunction with high rates of AOM sustained by vigorous methane fluxes, which results in oversaturation with respect to bicarbonate at relatively high pore water sulfate concentrations near the seafloor [Greinert et al., 2001; Peckmann et al., 2001; Aloisi et al., 2002; Luff and Wallmann, 2003] . We observed acicular crystals of aragonite in GC16 core interval 457-498 cm ( Figure 5 ). Aragonite crystals occurred at the base of the shell bed in GC16 suggesting that they precipitated near the seafloor under conditions of intense fluid seepage activity. This intense fluid flow probably created the conditions for the establishment of the bivalve community.
In core GC09, abundant burrow-like pyrite concretions occur at the base of the shell bed. The identification of the (pyrite-encrusted tubes) fossil pyrite tubes as polychaetes is tentative; however, the similarity in the width of modern polychaete tubes (0.24-0.42 mm) collected from living polychaetes associated with nearby seeps and the fossil pyrite tubes suggests that the pyrite tubes belonged to polychaetes. Energy dispersive spectroscopy revealed that concretions on the tubes were composed of largely iron and sulfur with lesser amounts of silica, confirming that the encrusting material was pyrite.
These four lines of evidence support our hypothesis that these ancient shell beds are linked to a past seepage event at Vestnesa Ridge.
Shell Beds Constrain the Duration of a Past Seepage Event
We develop a regional chronological framework in order to interpret the processes leading up to the onset of the methane seep event and the establishment of the shell beds in our two gravity cores. This framework combines the stratigraphic information we obtained from our two cores with information obtained from previous investigations in the same region ( Figure 7 ). Specifically, we combine our shell bed information with three well-described stratigraphic intervals [Elverhøi et al., 1995; Rasmussen et al., 2007; Jessen et al., 2010; Consolaro et al., 2015] .
1. Diatom-rich layer: there is a diatom-rich layer in both our cores at the top 10 cm in GC09 and between 20 and 70 cm in GC16 (Figure 7 ). This represents the early Holocene diatom maximum originally observed in Fram Strait by Stabell [1986] and attributed to the northward movement of the Polar Front [Jansen et al., 1983; Stabell, 1986] . In contrast to the Last Glacial Maximum (LGM), the warm Atlantic water incursion in the area at the beginning of the Holocene favored a peak in diatom productivity [Koç et al., 1993] . Jessen et al. [2010] dated the diatom-rich layer between 10,100 6 150 and 9840 6 200 cal years (calendar years) B.P. This implies that the top of core GC09, representing approximately 10,000 cal years B.P., is missing. 2. Laminated deposits: we believe the laminated deposit at depth interval 290-320 cm in GC16 corresponds to the laminated layer previously described and dated to around 14,000 cal years B.P. from other sites in the area: 14,700 6 225 to 14,380 6 220 cal years B.P. [Jessen et al., 2010] ; 14,480 6 160 to 14,000 6 65 cal years B.P. [Nørgaard-Pedersen et al., 2003; Birgel and Hass, 2004] ; 14,290 6 140 to 3950 6 75 cal years B.P. [Peersen, 2006] . This probably corresponds to the early Bølling interstadial. Jessen et al. [2010] suggested that the widespread layer could be the result of one widespread Arctic meltwater event and for this reason its occurrence in sediment is near synchronous from the slope of the Yermak plateau to the Storfjorden Fan and throughout the Fram Strait. In GC09, a fine-grained homogeneous sediment section between 172 and 210 cm is considered to be the laminated section (Figure 3 ). The delicate laminae were likely destroyed when freezing the core. The fine-grained homogeneous sediment section is directly underlain by a layer rich in isolated clasts (<5 cm) at a core depth of 210-230 cm. This sediment section underlying the diatom-rich layer has also been identified in Jessen et al. [2010] and dated to 15,160 6 145 to 14,700 6 225 cal years B.P. 3. Clast-rich interval: in GC16, the laminated meltwater deposits described above are underlain by a clastrich interval between 345 and 380 cm. We believe this layer is consistent with the clast-rich layer mentioned and dated by Jessen et al. [2010] , and thus we also use it as a marker horizon along with the diatom-rich and laminated interval. The shell bed in core GC16 covers about 30 cm (from 430 to 400 cm). The dates we obtained were from shells at core depths of 423 cm (17,707 years B.P.) and at 414 cm (17,543 years B.P.). We cannot use these Geochemistry, Geophysics, Geosystems 10.1002 dates to estimate a sedimentation rate because the shells occupy a significant volume of the total sediment, leading to an unrealistically high sedimentation rate. By using the sedimentation rate obtained by Consolaro et al. [2015] and Panieri et al. [2014] of $0.18 cm/yr and the ages at the base and the top of the shell bed, we estimate the duration of the living bivalve community to be approximately 1000 years. Furthermore, considering that the two dates from GC16 are from the base and middle of the shell bed, while the date from GC09 is from the top of the shell bed, we postulate that the shell beds in these two cores coevolved over the time period of 17,707-16,680 years B.P.
This chronology agrees with the relatively low IRD (Ice Rafted Debris) concentration and sedimentation rates from circa 20,000 to 15,600 cal years observed by Jessen et al. [2010] in the same area. The regional Geochemistry, Geophysics, Geosystems 10.1002/2015GC005980 chronology framework provides a temporal context within which to evaluate the postulated controls and mechanisms connected to methane seepage events at deep water hydrate deposits Hustoft et al., 2009] . These mechanisms have yet to be fully elucidated.
Potential Triggers of Seepage at Seafloor Pockmarks
Seafloor pockmarks along Vetsnesa Ridge, some of them relict and some actively seeping gas (Figure 2 ), are associated with fluid expulsion through vertical conduits knows as gas chimneys [e.g., B€ unz et al., 2012]. Gas Figure 8 . Model of seeps and bivalve community development. BGHS 5 base of the gas hydrate stability zone; FGZ 5 free gas zone; SMTZ 5 sulfate-methane transition zone. (A) Paleo-seafloor before the establishment of the chemosynthetic community with archaea and bacteria, Vesycomidae, and tube worms. (B) A period of $1000 years of methane seepage that sustained the chemosynthetic communities. Precipitation of authigenic calcium carbonate occurs at the SMTZ that can outcrop on the seafloor and also control the spatial distribution of chemosynthetic communities. In our cores, authigenic carbonate concretions are restricted to the shell bed in GC16. (C) Presentday observations superimposed on high-resolution seismic data. Shell beds are buried; methane seepage occurs at some of the previously active gas chimneys (e.g., site GC09) while some of the chimneys appear dormant (e.g., site GC16). Gas hydrates are generally stable and seepage is most likely sustained by fluid migration from the FGZ through fractures into the hydrate zone with eventual release at the seafloor.
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hydrates have been perennially stable on Vestnesa Ridge for millions of years , implying the presence of hydrates as well as free gas trapped beneath hydrate bearing sediments (Figures 2a  and 8c ). The presence of buried pockmarks at specific stratigraphic intervals within gas chimneys is believed to indicate that seepage is an episodic process. These features have been observed at several continental margins, e.g., the Gulf of Lion, the mid-Norwegian margin, the Hikurangi margin, and the Congo Basin [Andresen and Huuse, 2011; Davy et al., 2010; Plaza-Faverola et al., 2015 Riboulot et al., 2014] . Along Vestnesa Ridge, detailed 3-D seismic imaging of chimney structures show the presence of buried stacks of pockmarks intercalated with periods of undisturbed, well-stratified layers which based on stratigraphic constraints [Mattingsdal et al., 2014] , has been correlated with the onset and intensification of glaciations starting 2.7 Ma ago . In addition, the same study documents the link between the distributions of gas chimneys and faults (Figure 2 ) and suggests the occurrence of shorter-term seepage events modulated by faulting in the region . Using the age control dates acquired from the shell beds, and assuming that they indicate methane seepage, we can ask: What does the timing and duration of this past methane seepage event reveal about the physical processes controlling methane seepage along Vestnesa Ridge?
Here we focus on two time periods: post Last Glacial Maximum (LGM) and Holocene. In this part of the stratigraphic record $23,000 years, multiple methane emission events have been identified using carbon isotopic signatures of foraminifera from gravity cores collected from Vestnesa Ridge [Panieri et al., 2014; Consolaro et al., 2015] . At about 17,600 years B.P., which corresponds approximately to the appearance of shell beds, sea ice-free summers returned to the continental shelf region [M€ uller and Stein, 2014] . IP25 concentrations, an indicator of sea ice conditions, declined abruptly along the western continental margin of Svalbard accompanied by a drop in sea-ice biomarkers in a core from the same area [M€ uller and Stein, 2014] . Rising Mg/Ca temperatures [Benway et al., 2010] and decreasing planktonic d
18
O values in the North Atlantic [Grousset et al., 2001; Dokken and Jansen, 1999] support this interpretation. Taken together, the evidence indicates that the seepage event identified from the bivalve shell beds (17,707-16,680 B.P.) was post LGM.
Rising sea level and increasing bottom water temperatures following the LGM are two competing mechanisms (i.e., the hydrate stability field increases with rising pressures and decreases with rising bottom water temperatures [Sloan and Koh, 2008; Dickens and Quinby-Hunt, 1994] ) that are expected to have affected the thickness of the GHSZ across the west-Svalbard margin. How significant the effects of climate-related pressure and temperature changes have been on hydrate systems across the margin is dependent on their distance from the shelf break (i.e., water depths). At the water depth of Vestnesa Ridge (>1000 m), bottom water temperatures at the time of the growing bivalve shell beds ($17,000 B.P.) changed only slightly with respect to the permanently cold temperatures observed at present [e.g., Rasmussen et al., 2007] . A temperature increase of several degrees would have been necessary to cause a significant decrease in the GHSZ thickness and hydrate dissociation at such water depths (pressures); while a progressive pressure increase due to a rising sea level during deglaciation would have favored hydrate stability [e.g., Dickens and QuinbyHunt, 1994] . A model of hydrate dissociation by significant fluctuations in the thickness of the GHSZ in response to climatic changes would thus not be suitable to explain the 1000 years seepage event identified by the bivalve layers at Vestnesa Ridge. Additional mechanisms have to be evoked.
Recently, Plaza-Faverola et al. [2015] investigated fine-scale (<10 m broad) subseabed faults and fractures associated with the distribution of gas chimneys along Vestnesa Ridge (Figure 2c ). These authors postulate that the imaged faults are an expression of shear deformation and that tectonic stress distribution and fault activity may have been a major mechanism controlling gas chimney formation and seepage. Active faults increase permeability and the associated fracture networks, in this case leading to gas chimney formation, favor focused fluid flow and seepage [Roberts et al., 1996] . Fluid expulsion through faults and fractures can be a cyclic mechanism where pore fluid pressure builds up, followed by a peak of seepage and subsequent pressure drop. The duration of a single cycle will be dependent on the permeability of the fractures and the pressure buildup. It can vary from a few to thousands of years [e.g., Roberts and Nunn, 1995; Roberts et al., 1996; Sibson, 1996] . The 1000 year time interval seepage event identified by the bivalve layers at Vestnesa Ridge fits the above model. If the seepage event indicated by the bivalve layers is assumed to be triggered by fault reactivation, then the time span the layer represents (i.e., 1000 years) is an approximation of an overpressure pulse leading to the release of free gas trapped beneath hydrate bearing layers (Figure 2a ) through gas chimneys already developed along the fault planes (Figure 8c ).This scenario accounts for small-scale hydrate Geochemistry, Geophysics, Geosystems 10.1002/2015GC005980 dissociation caused by the contact of advecting warm fluids through faults and fractures into the hydrate system [Hornbach et al., 2012] as an additional mechanism partially sustaining seepage (Figure 8 ).
To summarize, we argue that a fault reactivation episode may explain the seepage event inferred by the bivalve layers restricted to fault-related gas chimneys along Vestnesa Ridge. Fault movements at Vestnesa Ridge can be controlled by seismological activity in response to tectonic stress or by the added effect of tectonic stress and ice sheet flexural rebound forces [e.g., Stewart et al., 2000] .
Conclusions
Ours is the first report of chemosynthesis-based bivalve communities in the high Arctic. Dense shell beds with abundant and complete in situ shells, as well as bivalve fragments of the family Vesicomyidae, reveal seabed paleo-communities associated with two pockmarks. The seep environment is characterized by depleted d
13
C values for both inorganic and organic shell material, methane-derived authigenic carbonates with depleted d 13 C, and depleted d
C values for planktonic foraminifera. Shell beds are associated with sustained methane seepage during the last deglaciation about 17,500 years B.P. The patchy distribution of mineralogies (e.g., carbonate nodules, pyrite, aragonite) related to methane seepage suggests temporal changes in the magnitude of flow and in seep fluid chemistry as a result of localized percolation of methane-enriched pore fluids.
We estimate that the community persisted for approximately 1000 years, though the flux of methane may have varied over that time period leading to changes in faunal abundances. The persistence of shell beds for circa 1000 years can correspond to fluid expulsion associated with episodes of faulting and fracturing. The patchy spatial distribution of the shell beds indicates that fluid flow was channelized through gas chimneys along subseabed faults. This implies that these methane seeps and their associated communities should be limited in area and highly concentrated.
Regardless of the mechanism(s) causing the onset of methane seeping, bivalves (and likely other softbodied chemosynthetic-dependent taxa that would not be preserved) colonized seeps on the Vestnesa Ridge about 17,700 years B.P. By approximately 16,680 years B.P., seepage along faults was either insufficient to support the bivalve community or other undetermined factors caused the community's demise.
